Abstract: For many families within the animal kingdom, DNA barcoding has proven to be a valuable tool for confirmation of species identification and it will be increasingly used to identify the reservoir hosts of zoonotic diseases. Rabies is a fatal disease that can be transmitted to virtually all mammalian species but the etiological agent, rabies virus, is maintained in particular host reservoirs comprising various carnivore and chiropteran species. With the success of rabies control programs that target carnivores across the Americas and in Europe, chiropteran rabies cases worldwide will assume proportionately greater significance in the future. Information on the species of bats which act as rabies reservoirs and which are most likely to infect other mammals by spill-over transmission of the virus is important from public and veterinary health perspectives. While bats submitted for rabies diagnosis from across Canada are identified to species according to their morphological traits, accurate species assignment may often be compromised due to poor sample condition or submission of limited material. In this study, a collection of bats representative of the species most commonly submitted for rabies diagnosis, as identified by morphological examination of the specimens, was re-examined by DNA barcoding methods. This comparison identified certain species which are routinely misidentified by traditional taxonomic methods and suggests that species confirmation by barcoding will improve the epidemiological information generated from rabies testing.
INTRODUCTION
Interest in various aspects of bat biology and global recognition of bats as reservoirs for many infectious agents [1] are driving increased research on these mammals. Due to the challenges often posed in species identification through the use of traditional morphological-based taxonomy, application of genetic-based methods for species identification is increasingly popular. One of the best developed methods is DNA barcoding [2] in which nucleotide sequencing of a portion of the mitochondrial cytochrome c oxidase subunit 1 (COX1) gene, followed by phylogenetic comparison with reference sequences in the barcode of life database (BOLD), can assign a specimen to species. Such studies have facilitated identification of cryptic species [3] and have increased awareness of species diversity within the Chiroptera [4, 5] .
Rabies is caused by members of the lyssavirus genus [see 6], bullet-shaped viruses with a non-segmented negative sense RNA genome of about 12Kb that encodes five genes [7] . Unlike the lyssaviruses associated with chiropteran *Address correspondence to this author at the Ottawa Laboratory (Fallowfield), Canadian Food Inspection Agency, 3851 Fallowfield Rd., Ottawa, ON, Canada K2J 4S1; Tel: 1 613 228 6698; Ext: 5900; Fax: 1 613 228 6669; E-mail: Susan.Nadin-Davis@inspection.gc.ca # Current address: Centre of Expertise for Transmissible Spongiform Encephalopathies, Ottawa Laboratory (Fallowfield), Canadian Food Inspection Agency, Ottawa, ON, Canada species in many parts of the world, those of the American continent belong to the prototype rabies virus species [8, 9, 10] . In North America the rabies virus is also maintained by many other wildlife reservoirs including foxes, skunks and raccoons [11] . Various approaches to control and eliminate rabies from terrestrial species, including various vaccination strategies and selective depopulation, have been quite successful in certain jurisdictions [12, 13] . Similarly, the success of dog vaccination programs in Latin America has significantly reduced cases in this host with concomitant reductions in human case numbers [14] . In contrast the size, sheer numbers, feeding habits and aerial life-style of chiropteran species pose special challenges to bat rabies control strategies [15] . Efforts to control vampire bat populations using anticoagulants [16] or to establish the utility of oral vaccines in these hosts [17, 18 ] have yet to be developed into logistically feasible methods for vampire bat rabies control. Strategies to control rabies in insectivorous bats have not yet been conceived.
The net effect of these species-targeted interventions is that bat rabies may assume increasing importance as a major rabies threat in the future. A number of human deaths caused by infection with bat-associated rabies viruses have been reported in both the US [19] and Canada [20, 21] . Frequently the general public does not recognize bat contact as a potential exposure to the disease and in some cases the victim may be unaware of superficial bat bites. Recently vampire bat rabies has caused several human deaths in remote Amazon regions of Brazil [22] . Spill-over of bat rabies to domestic animals is also of concern, particularly in areas where high costs preclude vaccinating large numbers of animals (e.g., bovines in Latin America) or where rabies is considered a limited threat due to the absence of other terrestrial sources (e.g. maritime provinces of Canada). The recent initiation of a new epizootic in skunks in Arizona by a variant of the big brown bat rabies virus [23] raises concerns that other similar events could undermine rabies control efforts in terrestrial species.
Since the initial identification of bat rabies in North America in the 1950s [reviewed in 24], increased surveillance has identified bat rabies in most US states and in all Canadian provinces with hundreds of cases reported annually. Of the 39 species of bats considered indigenous to North America north of Mexico, 30 have been reported positive for rabies by the late 1970s [25] . In Canada and the northern United States the Big brown bat (Eptesicus fuscus) is the species most commonly diagnosed with rabies [26, 27] but in the southern United States other species such as the Red bat (Lasiurus borealis) and the Brazilian free-tailed bat (Tadarida brasiliensis) are important rabies vectors [28, 29] . Other bat species that are less frequently diagnosed include the Silver-haired bat (Lasionycteris noctivagans), several members of the Myotis genus, the Eastern pipistrelle (Pipistrellus subflavus), Western pipistrelle (P. hesperus) and other lasiurine bats such as the Hoary bat (L. cinereus) and Yellow bat (L. seminolus) [30, 31] . In Canada only 19 bat species have been recorded and just 17 are considered indigenous [32] as listed in the methods section below. Not all species are considered to be rabies reservoirs; indeed the rarer species are probably too small in numbers to maintain a disease such as rabies.
Generally each bat reservoir species harbours a distinct viral variant [33, 34] , except for the bats of the Myotis genus which harbour a distinct but heterogeneous group of viruses and Big brown bats which harbour several viral variants comprising multiple lineages with distinct geographical ranges [35, 36] . The host species for some rarely isolated variants remain unknown [37] and future identification of additional bat rabies reservoirs is likely. Knowledge of bat rabies epidemiology clearly depends on accurate assignment to species for all rabies-positive bat cases. When specimens are in poor condition (e.g. desiccated, mutilated), or when only a limited portion of the specimen is submitted, accurate species assignment by its morphology alone may be difficult or even impossible and alternative methods of species identification are needed. This study has explored whether the use of genetic barcoding tools significantly improves the accuracy of species assignment for bat specimens submitted for rabies diagnosis in Canada. It was discovered that certain Myotis species were misidentified to a very significant degree when only their morphological traits were considered. This study emphasizes the value of genetic confirmation of the species identity of all rabies-positive bat specimens so as to better understand their spatial distribution and range of the rabies virus variants they harbour across Canada.
MATERIALS AND METHODOLOGY

Bat Specimens
All specimens employed in this study were obtained from rabies diagnostic submissions sent to the two CFIA laboratories, in Ottawa, Ontario, and Lethbridge, Alberta, that are responsible for rabies diagnosis across Canada. Specimens received over a period of several years (from 1997-2007) were included though most specimens were recovered from 2004 onwards. Approximately 75% of all submissions came from Ontario and Quebec, 15% were from the province of British Colombia and the remaining 10% came from all other provinces and territories. Except for rarer species for which numbers were limited, at least twelve specimens from across the range of each species were selected for study.
Specimens were first examined by laboratory diagnostic staff and assigned to species based on specific morphological keys as described by the National Audubon Society [38] and Nagorsen [39] and with reference to other on-line sources of information [40, 41] . Brain tissue impressions were tested for rabies by the standard direct fluorescent antibody test [42] . While the majority of samples included in this study were rabies negative, they included representatives of all species known or suspected to act as rabies hosts. Bat carcasses were preserved at -80°C to allow subsequent reexamination for confirmation of species assignment by experts in bat taxonomy. Specimens of this study have been designated as follows: a two digit number indicating year of submission, a two letter code representing the province of origin, a four or five digit specimen identifier followed by a two letter suffix to indicate the assigned species thus: BB, For ease of comparison all species designations follow those employed in BOLD at time of manuscript preparation though it is recognised that the classification of Pipistrellus has been revised.
DNA Extraction and COX1 Amplification
DNA was recovered from approximately 50 mg of bat brain, lung or spleen tissue or from a few tufts of fur by grinding in a hexadecyl trimethyl ammonium bromide (Sigma-Aldrich, Oakville, ON) solution followed by phase separation with the addition of chloroform and alcohol precipitation as described previously [43] . The final dried DNA pellet was dissolved in TLE buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA) and stored at -20°C. Nucleic acid concentration was determined spectrophotometrically.
Total DNA was used as template for amplification of a 5' proximal region of the mitochondrial COX1 gene. Initial trials employed primer pair COX-F2/COX-R1 (Table 1) which had previously proven successful in generating a 707 bp amplicon from Big brown bats [36] .
However, this primer pair did not consistently amplify the COX1 amplicon from all species and several additional primers were designed and tested. Details of the primers used for successful COX1 gene amplification of bat species are provided in Tables 1 and 2 and their relative positions within the COX1 open reading frame (ORF) are illustrated ( Fig. 1) .
Amplification was performed in a 50 l reaction containing 1x PCR buffer (Invitrogen, Burlington, ON), 1.5 mM MgCl 2 , 0.2 mM dNTPs and 2.5 units Taq DNA polymerase (Invitrogen). For the F2/R1 primer pair the thermocycling profile employed was 94°C, 4 min followed by 30 to 40 cycles of 94°C for 30 sec, 50°C for 35 sec, 72°C for 1.5 min, and a final elongation at 72°C for 5 to 7 min. Cycling with the other primer pairs was similar except that the annealing temperature was reduced to 45°C or 42°C for the COX-F6/COX-R7 primer combination. Amplicon production was examined by electrophoresis of reaction aliquots through 1% agarose gels and amplicons were purified directly using a Wizard PCR Preps purification kit (Promega, Madison, WI) as recommended by the manufacturer.
Sequencing and Phylogenetic Analysis
Sequencing reactions were performed on both strands of the PCR product using a Thermosequenase TM kit (GE Healthcare, Baie d'Urfé, QC) and IR-dye labelled versions of the COX1 PCR primers. Products were resolved on a NEN 4200L automated system (LiCor, Lincoln, NE) and ESeq ver. 3 software (LiCor) was used for base calling and manual editing. Complementary sequence reads were combined using AlignIR software (LiCor) and multiple sequence alignments were performed with CLUSTAL-X [44] . The entire dataset was trimmed to a length of 516 bases (corresponding to positions 6000 to 6515 of the human mitochondrial genome, GenBank Accession number NC_012920). The partial COX1 gene sequences described in this report have been deposited to GenBank and assigned accession numbers HM486527 to HM486678.
Genetic distance values were determined using MEGA 4 software [45] with the Kimura 2 parameter substitution model. Phylogenetic analysis was performed with PHYLIP ver. 3.63 [46] using the neighbour joining (NJ) method and by PhyML ver. 3 [47] to generate a maximum likelihood (ML) tree using the optimum substitution model as determined with Modeltest ver. 3.7 [48] . Translation of nucleotide sequences to protein was performed using BioEdit ver. 7.0.5 [49] .
Species Confirmation Via Barcoding
Selected sequences representative of the genetic diversity of each clade were submitted for species assignment to the BOLD [50] .
RESULTS
Proportion of Rabies Positive Cases in Bat Hosts
Records of all rabies positive cases identified in Canada on an annual basis through a passive surveillance system over a 12-year period were divided into those found in bats and those due to all other terrestrial species. These data (Fig.  2) show a generally decreasing trend for rabies cases in terrestrial species but a reasonably constant number of cases in bats (mean = 80 bat cases annually). The percentage of cases in bats compared to cases in all species has varied from 8.4% to 43.4% and was 37.9% in 2009, indicative of an overall increasing proportion of bat-associated cases. These data underlie the need for enhanced efforts to better understand the epidemiology of rabies in the order Chiroptera.
COX1 Tree and Clade Assignment to Species
COX1 amplification and sequencing was performed using DNA from a collection of 260 bat specimens, including 108 Big brown bat (BB) samples described previously [36] . For comparative purposes only 28 representative specimens of the BB group are included in the NJ tree presented in Fig.  3 . This tree groups 180 chiropteran COX1 sequences into 13 distinct clades, each of which was tentatively assigned to species based on specimen morphology. To confirm that the clades generated through the barcoding analysis had been correctly assigned to species, several sequences (indicated by an asterisk in Fig. 3) representative of the genetic diversity of each clade were submitted to the BOLD for species assignment ( Table 3) .
Members of subgroup A of the BB clade were similar (100% identity) to Big brown bat records within the BOLD whereas a subgroup B specimen exhibited only 92.72% identity with this species, perhaps because of a lack of submissions to the BOLD from British Columbia. Correct assignment of groups CL, EP, HR, LB, LL, NL, RE and SH was strongly supported with identity values to the presumed species > 99% whereas the LE group exhibited reasonably case numbers strong identities (>97%) to Long-eared bat specimens in the database. Similarly the two members of the WE group submitted for comparison exhibited between 97.86 to 99.25% identity to Corynorhinus townsendii townsendii specimens in BOLD. Analysis of the YU and KE clades was less clear-cut. A single M. evotis sequence gave the best match to the two YU samples examined (04BC0515YU and 06BC0610YU) at >99% and matches of 99.1% and 98.8% respectively to specimens of M. yumanensis saturatus. A rather similar situation existed for the KE clade. Two KE samples (06BC0840KE and 07BC0715KE) matched to a single Little brown bat specimen in BOLD with 99.5% and 99.7% similarity respectively but matches with all other Little brown bat specimens were significantly lower at 96.6%. M. keenii samples in BOLD matched these two samples with 97.2% and 96.7% respectively. Despite these rather ambiguous results, based on the respective phylogenetic locations of the KE and YU groups we believe that these species are correctly assigned.
Most bat specimens which had been assigned to the same species by their morphological traits, as indicated by their Fig. (3) . NJ tree of 180 bat COX1 sequences. A NJ analysis employing a 516 nucleotide segment of the COX1 gene was generated using the human sequence as outgroup. Branch lengths represent distances as indicated by the scale at bottom left and bootstrap values > 70% are shown above each branch. Clades are assigned to species as indicated to the right by a two letter code as defined in the Materials and Methodogy. Sequences used for species confirmation by comparison with the BOLD are indicated by "*" whereas specimens that cluster in the wrong clade based on their morphological classification are identified in blue after their designation. two letter suffix designation, clustered together by phylogenetic analysis, thus suggesting a good concordance of species assignment by both methods. In only one instance did a specimen (07L0899YU) fail to cluster within a discrete group thereby making its species assignment by barcoding ambiguous (lies between LE and KE clades). Some notable discrepancies between the two classification schemes included the specimen originally identified as a fringed bat (97BC1189FR) that clustered with the big brown bat clade and specimen 05BC0391WS that clustered with the WE group. The remaining discrepancies occurred within the Myotis genus clades, some of which, particularly those of the YU, KE and LB groups, contained specimens with mixed species assignments as determined by their morphological traits. Assuming the greater accuracy of the genetic barcoding technique, Table 4 summarises the rate of successful species assignment based on morphology only. These data clearly illustrate that discrimination among certain species of Myotis by this approach is problematic. Subsequent careful review of many of the carcasses suggested that indeed the original morphological assessments had been in error.
For most groupings intra-clade genetic diversity is relatively limited (see Table 3 ). The exception is the BB group that, as identified previously [36] , is divided into two genetically distinct subgroups; in this study these had intrasubgroup genetic distance ranges of 0-0.614% (subgroup A) and 0-0.153% (subgroup B) and inter-subgroup distances ranging between 7.842-8.185%. All other clades exhibited < 2% intra-clade genetic distance except for the KE and LE groups for which maximum distance values were higher. For the KE clade, exclusion of an outlying specimen (04BC0534YU) reduced the maximum intra-clade distance to 1.56%. It is also notable that specimen 07L0899YU lies between the KE and LE clades and is not included in either group. When all 13 clades were considered, average interspecies distance values ranged between 3.51% (KE and LE groups) to 26.97% (LL and HR groups).
Since it was recently suggested that ML methods are superior for analysis of barcoding data [51] , the dataset was reanalysed by ML methods. Modeltest identified the TrN+I+G substitution model, in which I is the proportion of invariable sites and G is the gamma shape distribution parameter of the variable sites, as the best fit to the data based on its log likelihood value (-lnL = 3977.45). However, the more generally applicable HKY+I+G model, ranked a close 3 rd by the Modeltest analysis (-lnL = 3979.62), was convenient for ML analysis using the calculated values of I=0.549 and G=1.0906. The resulting ML tree (Fig. 4) exhibits a very similar topology to the NJ tree and provides strong bootstrap support for most clades with the exception of the LB, KE and LE clades for which values were low (<60%). Sample 04BC0493NL did not associate with any of these clades (identified as LB by NJ) whereas 07BC0899YU was grouped as an outlier of the KE group with very poor (35%) bootstrap support.
Review of the nucleotide alignment indicated that many of the nucleotide substitutions identified were specific to one or more clades, i.e., they respected the phylogenetic profile of the dataset. The overall transition/transversion ratio for the database was 5.039 indicating a significant bias towards more conservative coding changes. Indeed, despite the significant nucleotide variation within this dataset the predicted amino acid sequences were remarkably conserved. Over the 172 residue length of the translated region (with residue 1 being equivalent to residue 33 of the human COX1 product) the 180 bat specimens exhibited replacements at just 15 sites of which only four were strictly conserved within one or more groups. The WE samples accounted for three of these changes and involved two relatively conservative replacements: I in place of V at residue 51 and V in place of I at residue 137 as well as a less conservative change involving replacement of M with T at residue 85. A substitution of T in place of A was noted at residue 114 for BB, EP, RE, HR and SH specimens. All other amino acid replacements were single site changes scattered throughout the sequence usually within single isolates.
DISCUSSION AND CONCLUSION
Genetic methods of species identification are increasingly used to improve epidemiological information on the role of certain species in harbouring diseases such as rabies. In the United Kingdom, both a mitochondrial marker, cytochrome b (cyt b) and the nuclear -actin gene have been used to identify bats harbouring European bat lyssavirus type 2 (EBLV-2) [52] . In Brazil, mammalian species carrying infectious diseases such as rabies have been identified using the mitochondrial control region [53] . Since the Canadian DNA barcoding initiative is now being adopted globally to explore species diversity [54] , our study has explored the utility of this approach for confirming the species of Canadian bats that are submitted for rabies diagnosis.
From the barcoding collection of Canadian bats available, our study included 13 confirmed species but lacked information on the following rare species: the Pallid bat (An- 1 Number of specimens for which species identification by morphology and barcoding agree 2 Number of specimens for which species identification by morphology does not agree with the barcoding assignment. The incorrectly assigned species is shown in brackets.
trozous pallidus), Spotted bat (Euderma maculatum), Western red bat (L. blossevilli), Eastern small-footed bat (M. leibii), Fringed bat (M. thysanodes) and the Western smallfooted bat (M. ciliolabrum). Specimens initially identified morphologically as members of the last two species were included in our analyses but barcoding identified them as belonging to other species. Several of these species are highly restricted to very limited ranges within Canada, are rarely encountered by humans and thus hardly ever submitted for rabies testing. Indeed the Pallid bat is a threatened species whereas the Spotted, Fringed and Keen's bats are listed as being of "special concern" under the Canadian Species at Risk Act [55] . While it is unlikely that these rarer bat species are important rabies reservoirs in Canada, future disease incursions into these species could have catastrophic implications for these limited populations.
During the conclusion of our study, Streicker et al., [56] published a report describing bat rabies virus variants circulating in the US and included barcoding sequence informa- tion for many of their samples. Species that were represented included the Pallid bat (two samples), Western red bat (2 samples) and the Fringed bat (one sample). Incorporation of these sequences into our phylogenetic analysis (data not shown) yielded the following observations: (i) the Pallid bat sequences formed a separate clade that branched outside of the Myotis cluster, (ii) The Western red bat samples (together with one vouchered specimen from the Royal Ontario Museum, Toronto) clustered as an outlying group to our red bat clade, thereby reaffirming the distinctness of these two species, and (iii) the single Fringed bat clustered within our LE clade, raising questions about the identification of this specimen.
As of December 21, 2010, the BOLD contained barcode sequences for 624 species in the order Chiroptera and all bats indigenous to Canada were included in this list apart from the rare M. leibii (eastern small-footed bat). While species assignment of several of the phylogenetic groups identified by our analysis was readily confirmed by comparison with data in the BOLD, certain clades, especially the YU and KE groups, proved more difficult. Based on the respective locations of the KE and YU groups within our bat phylogeny their assignment to the Keen's and Yuma bat species respectively is in accord with previous phylogenetic analyses of these species using the mitochondrial cyt b locus [57] which recognised the Yuma bat as the more divergent of the Myotis genus and placed Keen's bats in close association with the Little brown bat. Furthermore a selection of three of the Yuma bat Cox1 sequences recently reported by Streicker et al. [56] all clustered with the clade we had assigned to this species (data not shown). This is in contrast to the high identity for our YU samples to a single M. evotis sequence within BOLD and we suspect that this individual M. evotis specimen might be misidentified. Similarly, the close match of a single Little brown bat specimen in BOLD to the group identified here as Keen's bats may indicate misidentification of that Little brown bat specimen since all other specimens of that species exhibited < 96.7% similarity to our Keen's bat group; the second best match to our KE specimens within BOLD was provided by a M. keenii sequence (96.7 -97.2% identity). These observations underscore the need for careful evaluation and review of all sequence data and specimens submitted to the BOLD.
The intra-group genetic distance values observed for most groupings within our phylogeny are in most cases < 2%, a value consistent with the general barcoding observation that interspecies variation at this locus is > 2% [2] . The high overall intra-group distance values (> 2%) for the KE and LE groups made differentiation between these two groups more challenging. A single isolate, originally assigned as a Yuma bat, placed between these two clades in the NJ tree whereas it was identified, with low confidence, as an outlier of the KE clade in the ML tree. The relatively small variation at the COX1 locus between certain species within the Myotis genus appears to be a limitation of the barcoding strategy that makes unequivocal differentiation of certain members of this genus challenging. Unfortunately these same species tend to be those most difficult to differentiate morphologically. To address such limitations it has been suggested that in some cases unequivocal species assignment may require the use of more than one locus, e.g., COX1 and either another mitochondrial marker such as the cyt b gene as employed in Europe or a nuclear marker [51] . A recent comparison of the use of cyt b and COX1 for mammalian species assignment found that the former generally performed better and yielded higher inter-species resolution [58] so further evaluation of the cyt b locus for discrimination of North American Myotis species may prove useful. Indeed the complexity of barcode analysis for certain Myotis bat species has resulted in the use of the term "Myotis complex" to describe some members of this genus [56] .
The large genetic distance observed between the two BB groups may suggest their assignment to two distinct subspecies. The restricted range (British Columbia) of BB subgroup B corresponds to the range proposed for the subspecies E. fuscus bernardinus whereas subgroup A specimens, from all other regions of Canada, corresponded to the ranges of two other subspecies, E. fuscus pallidus and E. fuscus fuscus which occupy the prairie provinces and eastern Canada respectively [59] . Re-evaluation of the subspecies structure of the Big brown bat populations of Canada and the US may be warranted given this new genetic information.
As illustrated in Table 4 accurate identification of several of the Myotis species is not achieved by morphological analysis alone. The bats recovered in British Columbia pose by far the greatest challenges due to the diversity of species with relatively similar physical traits that reside within this province. This fact and other factors, including poor sample integrity, difficulties in distinguishing between juveniles versus adults and limited time available for specimen examination in busy diagnostic laboratories, likely account for the majority of misidentifications.
In Canada, while specific rabies viruses are known to associate with particular bat species a group of heterogeneous viruses is associated with bats of the Myotis genus. Without accurate species identification of these bats, associating certain viral variants with particular species is clearly problematic. It is therefore suggested that the species of all rabies-positive bats, especially those of the Myotis genus, is confirmed by genetic characterisation so as to better establish their reservoir role. Indeed the Yuma bat has been identified as a distinct rabies reservoir host in the US [56] so it is of some interest to determine its status in Canada.
To streamline species assignment using genetic-based information, alternate methods such as use of microarrays in place of nucleotide sequencing have been shown to be feasible [60] . We propose to use the information generated in this study and available through BOLD to develop appropriate microarrays for Canadian bat species identification. In the future as barcoding information for bat species improves, similar approaches might be considered in other jurisdictions, particularly in the US and Latin American countries where the diversity of bat species and their rabies viruses is much larger [61, 62] . Improved understanding of the role of certain bat species in harbouring rabies is a necessary prerequisite for minimizing the public health effects of this disease. 
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